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Abstract
We require that the primordial baryon asymmetry is not washed out in the seesaw model com-
patible with the recent results of WMAP and the neutrino oscillation experiments including the
first results of KamLAND. We find that only the case of the normal neutrino mass hierarchy with
an approximate Le-symmetry satisfies the requirement. We further derive, depending on the signs
of neutrino mass eigenvalues, three types of neutrino mass matrixes, where the values of each
element are rather precisely fixed.
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I. INTRODUCTION
The results of the recent neutrino oscillation experiments showed that neutrinos have
non-zero masses [1, 2, 3, 4, 5, 6, 7, 8]. The global analysis of the very recent first results of
KamLAND combined with the other existing neutrino experiments gives us the more precise
information about the neutrino mass matrix [9]. Although we don’t know the magnitudes
themselves of the neutrino mass eigenvalues from the neutrino oscillation experiments, the
investigation into the anisotropy of the cosmic microwave background radiation (CMBR)
by Wilkinson Microwave Anisotropy Probe (WMAP) recently has put the upper bounds
on the sum of the neutrino masses [10, 11, 12, 13, 14]. There are works that the neutrino
mass matrixes are analyzed by these recent results of KamLAND and WMAP [15, 16, 17,
18]. Thus the search for physics beyond the Standard Model, which incorporates non-zero
neutrino masses, has become an urgent issue. Seesaw model is one of the most promising
candidates for such neutrino mass generation [19, 20, 21]. Seesaw model also works as the
model of leptogenesis, which can explain the present baryon number through the sphaleron
processes [22, 23, 24]. There are many works about the relation between the generated
baryon number at higher temperatures and the neutrino mass matrix or CP phases at the
low temperature universe [25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38]. On the other
hand, in the seesaw model the lepton number is inevitably broken by the Majorana mass
term, and the model potentially erases the baryon and lepton numbers when combined with
the sphaleron processes in equilibrium [39, 40, 41, 42, 43, 44, 45, 46]. It has been argued
that the condition to protect the baryon number from this washing out processes gives the
stringent constraints for the dimension five operator including Higgs fields, which in turn
induces the Majorana neutrino masses at symmetry broken phase. In the present paper,
inspired by the very recent experimental progress in neutrino physics, i.e. the KamLAND
and WMAP, we re-analyze the condition for the baryon and lepton numbers not to be
washed out by the decay and the inverse-decay processes of heavy right-handed neutrinos
and by the dimension five operator. We require the condition, irrespectively of what kind
of theory provides the primordial baryon or lepton asymmetry at higher temperatures, and
will see whether there remains some allowed parameter range of neutrino mass matrix.
When the magnitudes of the six independent CP violating phases [32] are not enough for
the leptogenesis through the out-of-equilibrium decays of the right-handed neutrinos [22]
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to provide the present baryon number, the investigation extended here becomes important.
From this viewpoint, we assume that both the Yukawa couplings and Majorana mass matrix
of the right-handed neutrinos are all real. Then, the real Majorana mass matrix of left-
handed neutrinos has the six independent parameters. On the other hand, the neutrino
oscillation experiments determine the five parameters, two squared mass differences and
three mixing angles. We thus can describe the neutrino mass matrix in terms of only one
real parameter, m1 or m3 within the error of the experimental data. Under this assumption,
we require in the seesaw model the conditions that the decay and inverse-decay processes of
the heavy Majorana neutrino and the processes induced from the dimension five operator
are out-of-equilibrium in order to protect the baryon asymmetry and study whether such
constrained seesaw model can simultaneously satisfy the results of the neutrino oscillation
experiments including KamLAND and those of WMAP or not. We can further determine
the neutrino mass matrix with accuracy. The following criticism of this assumption may be
thought of: the mass scale of the right-handed Majorana neutrinos is expected to be very
high, for example, GUT scale. Even if the decay and inverse-decay processes of the heavy
Majorana neutrino are in equilibrium and all the lepton and baryon numbers are washed out
in the higher scale, the possibility of the various baryogenesis may be left at the lower scale.
But we can exclude such possibility by making the mass scale of right-handed Majorana
neutrinos relatively low, for example, TeV scale. We can realize this when the Dirac Yukawa
couplings of right-handed neutrinos are set to be small enough or the descent of the rank
of the neutrino mass matrix explains the smallness of left-handed neutrino masses as was
recently pointed out in [47].
If we require that all the decay and inverse-decay processes of the heavy Majorana neu-
trinos are out-of-equilibrium to protect the baryon number, it turns out that the left-handed
Majorana masses are all restricted to the very small [26, 42],
|mν | <∼ 10−3[eV]. (1)
These small neutrino masses are clearly incompatible with the squared mass differences
needed to account for the data of the neutrino oscillation. We may relax the condition and
require that only one flavor symmetry among the three symmetries, Le, Lµ and Lτ (L = Le+
Lµ+Lτ ), should be an exact symmetry. However, if the seesaw model has the Le-symmetry,
for example, it is easily shown that the two of three mixing angles vanish, which contradicts
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with the results of the neutrino oscillation experiments. Let us note the symmetry needs not
to be an exact one and an approximate symmetry will suffice for the purpose of protecting
the baryon asymmetry. An approximate symmetry means that the rates of all the processes
breaking the symmetry are smaller than the Hubble parameter. On the other hand, there
are many studies which attempt to determine the Majorana neutrino mass matrix purely
from the neutrino oscillation data under the assumption of the two-zero textures [48, 49, 50,
51, 52]. They showed that the results of the neutrino oscillation experiments favor the mass
matrixes with normal hierarchy of mass eigenvalues, which have the small or zero elements
meα(α = e, µ, τ) and the inverted hierarchy is allowed for only one case, mµµ = mττ = 0.
These results imply that the approximate Le-symmetry in the normal mass hierarchy is
favored and the inverted hierarchy is disfavored if one of the approximate symmetries is to
be required as a symmetry to protect the baryon asymmetry, being consistent with the data
of all neutrino oscillation experiments. We will verify that it is really the case till the end
of the present paper.
The outline of this paper is as follows: in Section II, we first discuss the condition to
protect baryon asymmetry in the seesaw model. Next, we require the additional condition
imposed by the recent results of WMAP. In Section III, we study whether such constrained
seesaw model can be compatible with the data of the neutrino oscillation experiments in-
cluding the first results of KamLAND. In the argument we divide the cases into two, i.e.
the normal and inverted mass spectra including quasi-degenerate type and rather precisely
determine the neutrino mass matrix depending on the signs of the mass eigenvalues. We
next show that there exists a parameter set of the theory which corresponds to the allowed
neutrino mass matrix. We also confirm that the allowed neutrino mass matrix satisfies the
constraint from the absence of the neutrinoless double beta decay (0νββ). We finally calcu-
late the resultant lepton and baryon numbers in the present universe. Section IV is devoted
to a summary.
II. PROTECTING THE PRIMORDIAL BARYON ASYMMETRY IN THE SEE-
SAW MODEL COMPATIBLE WITH THE RESULTS OF WMAP
In this section, we briefly review the seesaw model and discuss the condition that the
primordial baryon asymmetry is not washed out. We further require that the seesaw model
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is compatible with the recent results of WMAP.
A. Brief review of the seesaw model
In addition to the one in the Standard Model, the following Lagrangian density is included
in the seesaw model,
LFY = N¯ iRi∂/N iR −
1
2
((N iR)
cMˆ iRN
i
R + h.c.) + (h
αil¯αLΦ˜N
i
R + h.c.), (2)
where the heavy right-handed neutrino N iR(i = 1, 2, 3) is the mass eigenstate with the mass
eigenvalue M iR. The doublets of weak eigenstate l
α
L(α = e, µ, τ) are in the base where the
mass matrix of the charged leptons is diagonal. Namely, the lepton doublets and higgs
doublet are defined as
lαL ≡

 να
eα


L
≡

 νe νµ ντ
e µ τ


L
and Φ˜ ≡

 φ0∗
−φ−

 . (3)
Let us note that, without loss of generality, the right-handed Majorana mass matrix may
be assumed to be diagonal. The exchange of the heavy right-handed Majorana neutrinos
provides the dimension five operator, breaking the lepton number by two units,
Leff = 1
2
[
H∗
1
MˆR
H†
]αβ
(ναL)
cνβLφ
0φ0, (4)
where (H)αi ≡ hαi and ( 1
MˆR
)ij ≡ 1
M i
R
δij.
Below the electroweak symmetry breaking scale, this dimension five operator generates
the small left-handed Majorana neutrino mass matrix Mν,
(Mν)αβ ≡ mαβν =
v2
2
[
H∗
1
MˆR
H†
]αβ
, (5)
which is a complex valued symmetric matrix. Here, v=246[GeV] is the VEV of the neutral
higgs field,
√
2φ0.
B. The condition to protect the primordial baryon asymmetry
We require the condition that the primordial baryon asymmetry is not washed out. The
sphaleron processes break the quantity, (B + L), conserving the quantities, (B
3
− Lα)(α =
e, µ, τ), and are in equilibrium at the temperature between 100[GeV] and 1012[GeV]. Here,
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we assume that allM iR are within this temperature region. To protect the primordial baryon
asymmetry, it is necessary that the lepton number violating processes are out of equilibrium
through the temperature region,
Γ 6L < H, (6)
where Γ 6L is an interaction rate of a lepton number violating process and H is the Hubble
parameter, H = 1.66
√
g∗ T
2
Mpl
≃ 1.44 × 10−18( T 2
[GeV ]
) with Mpl being the Plank mass. Here,
g∗ is the total degrees of freedom of effectively massless particles. In the seesaw model, we
adopt the value g∗ = gSM∗ + g
NR∗ = 112 [57]. In this model, the two kinds of lepton number
violating processes exist. The first one is the decay and inverse-decay of the heavy right-
handed Majorana neutrinos, N iR ↔ ναLφ0, and the second kind is the scattering between
two left-handed neutrinos and two neutral higgs, ναLν
β
L ↔ φ0∗φ0∗. The out-of-equilibrium
condition for each of these processes is examined as follows.
• NR-decay and inverse-decay
We consider the processes, N iR ↔ ναLφ0. The interaction rates for these processes are
estimated at a temperature T >∼ M iR,
Γ(N iR ↔ ναLφ0) =
1
8π
|hαi|2 |M
i
R|2
T
. (7)
If we are going to impose the out-of-equilibrium conditions of the processes for all of
indexes, i and α, the relations
Γ(N iR ↔ ναLφ0) < H
∣∣∣∣
T=M i
R
⇔ |h
αi|2
|M iR|
<
3.6× 10−17
[GeV]
, (8)
should be satisfied. The inequality (8) can be immediately rewritten as the upper
bounds on the left-handed neutrino masses as
|mαβν | <
v2
2
∑
i
∣∣∣∣h
βihαi
M iR
∣∣∣∣ = 3.3× 10−3[eV]. (9)
On the other hand, the recent neutrino oscillation experiments have shown that there
exist mass-squared differences, relevant for solar neutrino oscillation ∆s [9], and the
atmospheric neutrino oscillation ∆a [2],
5.1× 10−5[eV2] < ∆s < 1.9× 10−4[eV2], (10)
1.6× 10−3[eV2] < ∆a < 4.0× 10−3[eV2]. (11)
6
The upper limit for all neutrino mass matrix elements (9) can’t satisfy these two mass
squared differences and the condition we impose has no solution. Actually, even if we
relax the condition and impose that at least one lepton flavor is conserved, the baryon
number still can be protected, in proportion to the primordial value of the conserved
lepton flavor. For example, we attempt to impose the electron-flavor (Le) symmetry
on the seesaw model. In that case, meαν (α = e, µ, τ) should all vanish and the two
of the three mixing angles to diagonalize the neutrino mass matrix turn out to be
zero. It is clear that this result again contradicts with the recent experimental data
of the neutrino oscillation. The situation is the same, even if we impose Lµ or Lτ ,
instead. Thus, the last choice is to impose an approximate flavor symmetry on the
model. An approximate symmetry means that the rates of all the processes breaking
an exact symmetry satisfy the out-of-equilibrium condition (6). Thus, the presence of
an approximate Lα-flavor symmetry (α = e, µ or τ), leads to
Γiα < H
∣∣∣∣
T=M i
R
for all of i = 1, 2 and 3 ⇔ |mααν | < 3.3× 10−3[eV]. (12)
• Scattering between two left-handed neutrinos and two neutral higgs
We consider the scattering processes, φ0∗φ0∗ ↔ ναLνβL induced by the dimension five
operator in Eq. (4). The interaction rates for these processes are estimated at the
temperature T ≪ M iR and the out of equilibrium conditions of these processes read as
Γ(φ0∗φ0∗ ↔ ναLνβL) ≃
1
π
∣∣∣∣h
βihαi
M iR
∣∣∣∣2T 3 ≃ |m
αβ
ν |2
v4
T 3 < H, (13)
for all choices of α, β. This inequality can be rewritten as the one for the left-handed
neutrino masses as
|mαβν | < 0.13[eV]. (14)
It is found that these upper bounds for the elements of neutrino mass matrix are
weaker than those obtained from the combination of the out-of-equilibrium conditions
for NR-(inverse-)decay and the data of WMAP and KAmLAND in the next section.
We will verify the invalidity of this constraints in the end of the next section.
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C. Constraints from the results of WMAP
We further constrain the mass matrixes, allowed from the arguments in IIB, by imposing a
condition obtained from the recent results of WMAP. The investigation into CMB byWMAP
recently put the following upper bounds on the sum of the neutrino masses [10, 11, 12, 13, 14],
Ωνh
2 =
∑
i |mi|
93.5[eV]
< 0.0076 ⇔ ∑
i
|mi| < 0.71[eV], (15)
where mi(i=1,2,3) is a small left-handed neutrino mass eigenvalue. Hereafter, we assume
that H and M iR are real matrixes. SinceMν is a real symmetric matrix, the inequality (15)
can be written as [58] ∣∣∣∣∑
i
mi
∣∣∣∣ = |meeν +mµµν +mττν | < 0.71[eV]. (16)
Here, we further assume that all M iR are either positive or negative. Under this assumption,
the inequality (16) can be written as
|meeν |, |mµµν |, |mττν | < 0.71[eV] (17)
Here, we define ~pα(α = e, µ, τ) for the convenience of the following discussions as
~pα ≡ v√
2
(
hα1√
M1
,
hα2√
M2
,
hα3√
M3
)
. (18)
Using the ~pα, we can write the elements of the neutrino mass matrix in Eq. (5) in a form of
inner product of vectors,
mαβν = ~pα · ~pβ . (19)
The inequality (17) can be written as
|~pα|2 < 0.71[eV], (20)
where α = e, µ and τ . We thus can determine the upper bounds of the all elements of the
mass matrix depending on the choice of the flavor symmetry from Eq. (12), (19) and (20).
(1) Approximate Le-symmetry
Eqs. (12), (19) and (20) put the upper bounds on the elements of the mass matrix,
|meeν | = |~pe|2 < 3.3× 10−3[eV] ≡ S, (21)
|meµν | = |~pe · ~pµ| ≤ |~pe||~pµ| < 4.8× 10−2[eV] ≡M, (22)
|mµτν | = |~pµ · ~pτ | ≤ |~pµ||~pτ | < 0.71[eV] ≡ L. (23)
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We similarly derive the upper bounds on the other elements and summarize these
inequality in the form of mass matrix, using S, M and L defined above,


|meeν | |mµeν | |mτeν |
|meµν | |mµµν | |mµτν |
|meτν | |mµτν | |mττν |

 <


S M M
M L L
M L L

 . (24)
(2) Approximate Lµ-symmetry
We can determine the upper bounds on all the elements in a similar way to that in
the case (1),
Mν <


L M L
M S M
L M L

 . (25)
(3) Approximate Lτ -symmetry
Similarly,
Mν <


L L M
L L M
M M S

 . (26)
III. SEESAW MODEL CONFRONTS KAMLAND DATA
In the present section, we first review the current status of the results from neutrino
oscillation experiments including the recently reported first KamLAND results. We then
require that the mass matrixes restricted in IIC satisfy the current results of the neutrino
oscillation experiments, for each of the normal and the inverted mass spectra including
quasi-degenerate type. We next confirm that there really exists a parameter set of the
theory which leads to the allowed neutrino mass matrix in each case. We further check that
the allowed mass matrixes satisfy the constraint from the neutrinoless double beta decay.
We finally summarize the results of the present section and calculate the resultant lepton
and baryon numbers of the present universe.
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A. The present status of the results from the neutrino oscillation experiments
We summarize the present status of neutrino oscillation experiments to make clear what
type of the neutrino mass matrix is allowed. The Super-Kamiokande Collaboration(S-K)
shows that there exist a mass squared difference ∆a and a mixing angle θatm in order to
explain the atmospheric neutrino oscillation [1, 2, 3],
1.6× 10−3[eV2] < ∆a < 4.0× 10−3[eV2], 0.88 < sin2 2θatm ≤ 1.0 (90% C.L.), (27)
with the best fit values ∆a = 2.5 × 10−3[eV2] and sin2 2θatm = 1.00. The global analysis of
the first results of KamLAND combined with the existing data of solar neutrino experiments
shows that there exist a mass squared difference ∆s and a mixing angle θ⊙ to account for
the solar neutrino oscillation [4, 5, 6, 7, 9],
5.1× 10−5[eV2] < ∆s < 9.7× 10−5[eV2] , 1.2× 10−4[eV2] < ∆s < 1.9× 10−4[eV2],
0.29 < tan2 θ⊙ < 0.86 (3σ level), (28)
with the best fit values, ∆s = 6.9× 10−5[eV2] and tan2 θ⊙ = 0.46. The CHOOZ experiment
has put the upper bounds on the mixing angle θ13[8],
sin2 2θ13 ≤ 0.1. (29)
Using the Maki-Nakagawa-Sakata(MNS) matrix U, we can diagonalize a Majorana neu-
trino mass matrixMν to Mˆν,
Mˆν =


m1 0 0
0 m2 0
0 0 m3

 = UTMνU, ~νmL = U †~νL ≡


ν1
ν2
ν3


L
, (30)
where the weak eigenstates in ~νL are understood to be the partners of the mass eigenstates of
charged leptons and ~νmL contain the neutrino mass eigenstates. We write a diagonal matrix
with the symbol ”ˆ”, hereafter. Since we assume that Mν is a real symmetric matrix, we
can parameterize the MNS matrix U as a orthogonal matrix,
U ≡


1 0 0
0 c23 s23
0 −s23 c23




c13 0 s13
0 1 0
−s13 0 c13




c12 s12 0
−s12 c12 0
0 0 1


= R23(−θ23)R13(θ13)R12(−θ12), (31)
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where cij ≡ cos θij and sij ≡ sin θij . Using these parameters, the two mass squared differ-
ences and two mixing angles in Eq. (27) and (28) are written as
∆a = |m23 −m22|, ∆s = m22 −m21, θatm = θ23, θ⊙ = θ12. (32)
The experimental data [4, 5, 6, 7, 9] for solar neutrino also show that the sign of m22 −m21
is positive. For brevity, we assume the mixing angle θ13 = 0, consistent with (29), and fix
the two mass squared differences and θatm at the best fit values. Under these assumptions,
we can write the matrix U using the only one relatively poorly known parameter θ⊙ ≡ θ,
U =


cos θ sin θ 0
− 1√
2
sin θ 1√
2
cos θ 1√
2
1√
2
sin θ − 1√
2
cos θ 1√
2

 with 0.29 < tan2 θ < 0.86 (3σ level). (33)
Then, the neutrino mass matrixMν can be written as
Mν =


c2m1 + s
2m2 − 1√2sc(m1 −m2) 1√2sc(m1 −m2)
− 1√
2
sc(m1 −m2) 12(s2m1 + c2m2 +m3) −12(s2m1 + c2m2 −m3)
1√
2
sc(m1 −m2) −12(s2m1 + c2m2 −m3) 12(s2m1 + c2m2 +m3)

 , (34)
where c ≡ cos θ and s ≡ sin θ. Since we have fixed the values of the two mass squared
differences, there remains only one independent parameter among three mass eigenvalue,
m1, m2, m3. In addition, the neutrino mass matrix (34) must satisfy the following two
conditions: first, since all M iR are either positive or negative, all m
ee, mµµ and mττ are of
the same sign. Second, the off diagonal elements must satisfy the following inequality,
|meµν | = |meτν | = |~pe · ~pµ| ≤ |~pe||~pµ| =
√
|meeν ||mµµν |, (35)
|mµτν | = |~pµ · ~pτ | ≤ |~pµ||~pτ | <
√
|mµµν ||mττν | = |mµµν |. (36)
B. Normal mass spectrum
We first investigate the normal mass spectrum, |m1| < |m2| < |m3|. Choosing m1 as a
parameter, we can express m2 and m3 as a function of m1,
m3 = ±
√
∆a +∆s +m
2
1, (37)
m2 = ±
√
∆s +m21, (38)
m1 > 0, (39)
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where m1 can be taken to be non-negative with no loss of generality thanks to the freedom
of the re-phasing, ~νmL ′ = ±i~νmL . Every element of the neutrino mass matrix can be written
as
mee = c2m1 ± s2
√
∆s +m21, (40)
meµ = −meτ = − 1√
2
sc
(
m1 ∓
√
∆s +m21
)
, (41)
mµτ = −1
2
(
s2m1 ± c2
√
∆s +m21 ∓
√
∆a +∆s +m21
)
, (42)
mµµ = mττ =
1
2
(
s2m1 ± c2
√
∆s +m21 ±
√
∆a +∆s +m21
)
. (43)
Since m2 and m3 can be either positive or negative, we must consider the four cases, (i)
m2 > 0, m3 > 0, (ii)m2 > 0, m3 < 0, (iii)m2 < 0, m3 > 0 and (iv)m2 < 0, m3 < 0, to
see if some approximate symmetries remain. It is easily found that the approximate Lµ or
Lτ -symmetry is not possible. In the case (i), (iii) and (iv), since |mµµ| is a monotonically
increasing function of m1 and goes to infinity as m1 goes to infinity, |mµµ| is minimum at
m1=0. The following relation holds
|mµµ
(i)| = |m
µµ
(iv)| ≥ |m
µµ
(iii)| =
1
2
(
−c2
√
∆s +
√
∆a +∆s
)
≥ 2.2× 10−2[eV], (44)
at m1=0. This inequality is inconsistent with (12). In the case (ii), the condition (12) is
applied to the Eq. (43),
mµµν = m
ττ
ν ≤ 3.3× 10−3[eV]⇒ m1 ≥ 1.9× 10−1[eV]⇒ |mµτν | ≥ 1.9× 10−1[eV]. (45)
This inequality is inconsistent with |mµτν | ≤ 3.3 × 10−3[eV] in (36). Thus, the approximate
Le-symmetry is the only remaining possibility, which we examine for the four cases.
(i) m1 > 0, m2 > 0, m3 > 0
The condition (12) applied for the Eq. (40) yields for 0.29 < tan2 θ < 0.86 and
∆s = 6.9× 10−5[eV2],
0 < m1 ≤ 1.8× 10−3[eV]⇒ 1.9× 10−3 ≤ meeν ≤ 3.3× 10−3[eV]. (46)
Applying this range of m1 to Eq. (41), (42) and (43), we can determine the remaining
elements of the mass matrix rather precisely with ∆a = 2.5× 10−3[eV2],
( meµν = −meτν , mµτν , mµµν = mττν )
=
(
(2.0 ∼ 2.9)× 10−3, (2.2 ∼ 2.3)× 10−2, (2.8 ∼ 2.9)× 10−2
)
[eV]. (47)
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(ii) m1 > 0, m2 > 0, m3 < 0
The allowed range, necessary for the approximate Le-symmetry, is same as Eq. (46)
and yields
mµµν = m
ττ
ν < 0, (48)
while meeν > 0, which contradicts with the condition that all m
ee
ν , m
µµ
ν and m
ττ
ν must
be of the same sign. Hence, this case is excluded.
(iii) m1 > 0, m2 < 0, m3 > 0
Now, the condition (12) reads as,
0 < m1 ≤ 4.6× 10−2[eV] ⇒ meeν ≤ 3.3× 10−3[eV]. (49)
Applying this range of m1 to Eq. (41), (42), (43), and imposing (35) and (36), we can
determine the matrix elements as,
( meµν = −meτν , mµτν , mµµν = mττν )
=
(
−1.0× 10−2 ∼ −2.4× 10−3, (2.7 ∼ 3.2)× 10−2, (2.1 ∼ 3.2)× 10−2
)
[eV].(50)
(iv) m1 > 0, m2 < 0, m3 < 0
The condition (12) leads to the same condition as Eq. (49)
0 < m1 ≤ 4.6× 10−2[eV] ⇒ meeν ≤ 3.3× 10−3[eV]. (51)
Following the same steps as in the case (iii), we get
( meµν = −meτν , mµτν , mµµν = mττν ) (52)
=
(
−1.2× 10−2 ∼ −2.4× 10−3,−(2.1 ∼ 3.2)× 10−2,−(2.7 ∼ 4.7)× 10−2
)
[eV].
We should show that there really exists a parameter set of the seesaw model, hαi and M iR,
which induces such determined neutrino mass matrix for each of the three cases. But, since
the proof is rather a routine work, we execute it in the APPENDIX A.
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C. Inverted mass spectrum
We next investigate the inverted mass spectrum, |m3| < |m1| < |m2|. Choosing the
smallest mass m3 as a parameter, we can express m1 and m2 as a function of m3,
m2 = ±
√
∆a +∆s +m3, (53)
m1 = ±
√
∆a +m3, (54)
m3 > 0, (55)
where m3 can be taken to be non-negative without loss of generality. Every element of the
neutrino mass matrix can be written as
mee = ±c2
√
∆a +m
2
3 ± s2
√
∆a +∆s +m
2
3, (56)
meµ = −meτ = − 1√
2
sc
(
±
√
∆a +m23 ∓
√
∆a +∆s +m23
)
, (57)
mµτ = −1
2
(
±s2
√
∆a +m23 ± c2
√
∆a +∆s +m23 −m3
)
, (58)
mµµ = mττ =
1
2
(
±s2
√
∆a +m
2
3 ± c2
√
∆a +∆s +m
2
3 +m3
)
. (59)
We must consider the four cases, (i) m1 > 0, m2 > 0, (ii)m1 > 0, m2 < 0, (iii)m1 < 0, m2 > 0
and (iv)m1 < 0, m2 < 0. It is easily found that the approximate Le-symmetry is not allowed.
Since |mee| is a monotonically increasing function of m3 and goes to infinity as m3 goes to
infinity, |mee| is minimum at m3=0. The following relation is satisfied
|mee
(i)| = |mee(iv)| ≥ |mee(ii)| = |mee(iii)| = c2
√
∆a − s2
√
∆a +∆s ≥ 3.6× 10−3[eV], (60)
at m3=0. This inequality is inconsistent with (12). Thus, we examine only the approximate
Lµ or Lτ -symmetry, as remaining possibilities, though we find these symmetries are not
realized.
(i) m3 > 0, m1 > 0, m2 > 0
Since the elements mµµν or m
ττ
ν is too large to satisfy Eq. (12) for an arbitrary m3,
this mass matrix does not possess an approximate Lµ nor Lτ -symmetry.
(ii) m3 > 0, m1 > 0, m2 < 0
The condition (12) is applied to the Eq. (59),
4.3× 10−3[eV] ≤ m3 ≤ 4.4× 10−2[eV], (61)
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which, in tern, leads through Eq. (58) to
mµτν ≥ 4.3× 10−3[eV].
This value is inconsistent with (36): |mµτν | ≤ 3.3× 10−3[eV].
(iii) m3 > 0, m1 < 0, m2 > 0
Eq. (56) and (59) determine the sign of meeν and m
µµ
ν ,
meeν < 0, m
µµ
ν = m
ττ
ν > 0. (62)
This is inconsistent with the condition that all meeν , m
µµ
ν and m
ττ
ν must be of the same
sign.
(iv) m3 > 0, m1 < 0, m2 < 0
The condition (12) is applied to the Eq. (59),
mµµν = m
ττ
ν ≤ 3.3× 10−3[eV]⇒ m3 ≥ 1.9× 10−1[eV]⇒ |mµτ | ≥ 1.9× 10−1[eV].(63)
This inequality is inconsistent with |mµτν | ≤ 3.3× 10−3[eV] in (36).
D. Experimental constraint on 0νββ amplitude
The amplitude of the neutrinoless double beta decay including the exchange of Majorana
neutrinos with Majorana mass insertion due to W±-exchange is proportional to mee as was
first pointed out by Wolfenstein [53]. The absence of this process so far reported gives the
upper bounds on the element mee in the neutrino mass matrix [54][59],
|meeν | < 0.1 [eV] (90% C.L.). (64)
The values obtained in the allowed neutrino mass matrixes, coming from (12),
|meeν | ≤ 3.3× 10−3 [eV], (65)
are all consistent with the bounds in Eq. (64).
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Flavor symmetry (1)Le (2)Lµ (3)Lτ
Normal spectrum
(i) m1 > 0,m2 > 0,m3 > 0 © × ×
(ii) m1 > 0,m2 > 0,m3 < 0 × × ×
(iii) m1 > 0,m2 < 0,m3 > 0 © × ×
(iv) m1 > 0,m2 < 0,m3 < 0 © × ×
Inverted spectrum
(i) m3 > 0,m1 > 0,m2 > 0 × × ×
(ii) m3 > 0,m1 > 0,m2 < 0 × × ×
(iii) m3 > 0,m1 < 0,m2 > 0 × × ×
(iv) m3 > 0,m1 < 0,m2 < 0 × × ×
TABLE I: The allowed neutrino mass matrixes are shown. The approximate Le-symmetry in the
the normal mass spectrum is only allowed.
E. Allowed neutrino mass matrix and final baryon number
We summarize what types of the neutrino mass matrixes are allowed in the present
section on the TABLE I. The Le-symmetry in the normal spectrum is only allowed. Since
the square of the lightest mass eigenvalue, m1, is very small compared with the solar mass
squared deference in the case (i) and are equal to the atmospheric mass squared deference
in the case (iii),(iv), the neutrino mass spectrum is normal hierarchical in the case (i) and
is slightly normal hierarchical in the case (iii),(iv), respectively. It is also found that the
inverted mass spectrum is not allowed. We summarize the allowed neutrino mass matrixes
in each of the three cases.
(i) m1 > 0, m2 > 0, m3 > 0
Mν =


(1.9 ∼ 3.3)× 10−3 · · · · · ·
(2.0 ∼ 2.9)× 10−3 (2.8 ∼ 2.9)× 10−2 · · ·
−(2.0 ∼ 2.9)× 10−3 (2.2 ∼ 2.3)× 10−2 (2.8 ∼ 2.9)× 10−2

 [eV]. (66)
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(iii) m1 > 0, m2 < 0, m3 > 0
Mν =


(0 ∼ 3.3)× 10−3 · · · · · ·
−1.0× 10−2 ∼ −2.4× 10−3 (2.1 ∼ 3.2)× 10−2 · · ·
2.4× 10−3 ∼ 1.0× 10−2 (2.7 ∼ 3.2)× 10−2 (2.1 ∼ 3.2)× 10−2

 [eV]. (67)
(iv) m1 > 0, m2 < 0, m3 < 0
Mν =


(−3.3 ∼ 0)× 10−3 · · · · · ·
−1.2× 10−2 ∼ −2.4× 10−3 −(2.7 ∼ 4.7)× 10−2 · · ·
2.4× 10−3 ∼ 1.2× 10−2 −(2.1 ∼ 3.2)× 10−2 −(2.7 ∼ 4.7)× 10−2

 [eV]. (68)
These mass matrixes satisfy the constraints from the processes induced through the di-
mension five operator (14). When the sphaleron processes are in equilibrium, the quantity
(B
3
−Le) is approximately conserved. Hence, the primordial value, (B3 −Le)initial, is divided
into the baryon and lepton numbers in the present universe denoted by Bfinal and Lfinal at
the following rate [40],
Bfinal = −28
51
Lfinal =
84
277
(
B
3
− Le
)
final
=
84
277
(
B
3
− Le
)
initial
. (69)
IV. SUMMARY
We discussed the condition that the lepton number violating processes in the seesaw model
do not wash out the primordial baryon or lepton asymmetry. In addition to this condition,
we also required the conditions on the neutrino masses and mixings imposed by the recent
results of WMAP and the neutrino oscillation experiments including the first results of
KamLAND. We investigated whether these exist some solutions in the seesaw model which
satisfy all of these conditions or not. As a result, it was found that the neutrino mass matrixes
with the approximate Le-symmetry in the normal hierarchy of the neutrino masses are the
unique possibilities. This result indicates that the neutrino oscillation experiments and
WMAP favor the approximate Le-symmetry in the normal hierarchy. We could determine
the allowed neutrino mass matrixes with accuracy in (66), (67) and (68). We confirmed that
there exists a parameter set of the seesaw model which leads to the allowed mass matrix for
each case. We also checked that these allowed mass matrixes all satisfy the constraint from
the neutrinoless double beta decay. We finally calculated the present baryon and lepton
numbers in terms of the primordial value of (B
3
− Le).
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APPENDIX A: EXISTENCE PROOF OF THE PARAMETERS
Here, we show that there exists a parameter set of the seesaw model which induces an
allowed neutrino mass matrix. We find a set of parameter for each allowed mass matrix with
the approximate Le-symmetry discussed in III B.
(i) m1 > 0, m2 > 0, m3 > 0
As our purpose is the existence proof, to simplify the analysis we demand
he1 = hµ1 = hτ1 = 0, pe2 = pe3, pµ1 = pτ1 and pµ3 = −pτ2. (A1)
We find that the values chosen from (66)
(mee, meµ, mµτ , mµµ) = (2.0× 10−3, 2.3× 10−3, 2.3× 10−2, 2.8× 10−2)[eV]. (A2)
are provided by a set of parameters,
(
(pe2)
2, (pµ3)
2, (pµ1)
2
)
= (1.0× 10−3, 5.3× 10−3, 2.3× 10−2)[eV]. (A3)
It is proved that there exists a parameter set which can induce an allowed neutrino
mass matrix (66).
(iii) m1 > 0, m2 < 0, m3 > 0
Requiring he1 = 0, pe2 = pe3, pµ1 = pτ1 and pµ2 = −pτ2, we find
(mee, meµ, mµτ , mµµ) = (2.2× 10−3,−2.4× 10−3, 3.2× 10−2, 3.0× 10−2)[eV]
is satisfied by
(
(pe2)
2, (pµ1)
2, (pµ2)
2
)
= (1.1× 10−3, 3.0× 10−2, 1.4× 10−3)[eV]. (A4)
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(iv) m1 > 0, m2 < 0, m3 < 0
For he2 = hµ3 = hτ3 = 0, pµ1 = −pτ1 and pµ2 = pτ2,
(mee, meµ, mµτ , mµµ) = (−1.0× 10−3,−2.5× 10−3,−2.2× 10−2,−4.5× 10−2)[eV]
is given by
(
(pe1)
2, (pe3)
2, (pµ1)
2, (pµ2)
2
)
= (5.4 × 10−4, 4.6 × 10−4, 1.2× 10−2, 3.4× 10−2)[eV]. (A5)
[1] Super-Kamiokande Collaboration, Y. Fukuda,et al., Phys. Rev. Lett. 81(1998)1562,
Phys. Rev. Lett. 82(1999)2644, Phys. Rev. Lett. 85(2000)3999.
[2] N. Fornengo, M.C. Gonzalez-Garcia and J.W.F. Valle, Nucl.Phys. B 580(2000)58. T. Toshito,
hep-ex/0105023.
[3] M.C. Gonzalez-Garcia, M. Maltoni, C. Pena-Garay Phys. Rev. D63(2001)033005. and J.W.F.
Valle,
[4] SNO Collaboration, Q.R. Ahmad, et al., Phys. Rev. Lett. 87(2001)071301.
[5] J.N. Bahcall, M.C. Gonzalez-Garcia and C. Pene-Garay, JHEP0108(2001)014. V. barger, D.
Marfatia, K. Whisnant and B.P. Wood, Phys. Lett. B 537(2002)179.
[6] KamLAND Collaboration, K. Eguchi, et al., Phys. Rev. Lett. 90(2003)021802.
[7] J.N. Bahcall, M.C. Gonzalez-Garcia and C. Pene-Garay, hep-ph/0212147.
[8] The CHOOZ Collaboration, M. Apollonio, et al., Phys. Lett. B 420(1998)397, Phys. Lett. B
466(1999)415.
[9] M. Maltoni, T. Schwetz and J.W.F. Valle, Phys. Rev. D 67(2003)093003.
[10] C.L. Bennett, et al., astro-ph/0302207.
[11] D.N. Spergel, et al., astro-ph/0302209.
[12] S. Hannestad, JCAP 0305(2003)004.
[13] Ø. Elgarøy and O. Lahav, JCAP 0304(2003)004.
[14] A. Pierce, H. Murayama, hep-ph/0302131.
[15] G. Bhattacharyya, H. Pas, L. Song and T.J. Weiler, Phys. Lett. B 564(2003)175.
[16] K. Cheung, Phys. Lett. B 562(2003)97.
[17] X.-G. He and A. Zee, Phys. Rev. D 68(2003)037302.
19
[18] F. R. Joaquim, Phys. Rev. D 68(2003)033019.
[19] T. Yanagida, in Proc. of the Workshop on the Unified Theory and Baryon Number in the
Universe, ed. by O. Sawada and A. Sugamoto(KEK report 7918,1979), p.95, Tsukuba, Japan.
[20] M. Gell-Mann, P. Rammond and R. Slansky, in Supergravity, ed. by P. van Niewenhuizen and
D. Z. Freedman (North Holland, Amsterdam, 1979), p.315.
[21] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44(1980)912.
[22] M. Fukugita and T. Yanagida, Phys. Lett. B 174(1986)45.
[23] A. Pilaftsis, Phys. Rev. D 56(1997)5431.
[24] T.Hambye, Nucl.Phys. B 633(2002)171.
[25] W. Buchmuller and M. Wyler, Phys. Lett. B 521(2001)291.
[26] W. Buchmuller, P. D. Bari and M. Plumacher, hep-ph/0302092.
[27] E. J. Chun and S. K. Kang, Phys. Rev. D 63(2000)097902.
[28] H. B. Nielsen and Y. Takanishi, Phys. Lett. B 507(2001)241.
[29] A. S. Joshipur, E. A. Paschos and W. Rodejohann, JHEP 08(2001)029.
[30] M. Hirsch and S. F. King, Phys. Rev. D 64(2001)113005.
[31] G. C. Branco, T. Morozumi, B. M. Nobre and M. N. Rebelo, Nucl.Phys. B 617(2001)475.
[32] T. Endoh, T. Morozum, T. Onogi and M. Purwanto, Phys. Rev. D 64(2001)013006.
[33] K. R. S. Balaji and W. Rodejohann Phys. Rev. D 65(2002)093009.
[34] G. C. Branco, R. G. Felipe, F. R. Joaquim and M. N. Rebelo, Nucl.Phys. B 640(2002)202.
[35] S. Davidson and A. Ibarra, Phys. Lett. B 535(2002)25.
[36] D. Falcone, Phys. Rev. D 66(2002)053001.
[37] S. Kaneko and M. Tanimoto, Phys. Lett. B 551(2003)127.
[38] S. Kaneko and M. Tanimoto, JHEP 0307(2003)025.
[39] M. Fukugita and T. Yanagida, Phys. Rev. D 42(1990)1285.
[40] J. A. Harvey and M. S. Turner, Phys. Rev. D 42(1990)3344.
[41] A. E. Nelson and S. M. Barr, Phys. Lett. B 246(1990)141.
[42] W. Buchmuller and T. Yanagida, Phys. Lett. B 302(1993)240.
[43] W. Fischer, G. F. Giudice, R. G. Leigh and S. Paban, Phys. Lett. B 258(1990)45.
[44] B. A. Campbell, S. Davidson, J. Ellis and K. A. Olive, Phys. Lett. B 297(1992)118.
[45] J. M. Cline, K. Kainulainen and K. A. Olive, Phys. Lett. B 71(1993)2372, Phys. Rev. D
49(1994)6394.
20
[46] H. Dreiner and G. G. Ross, Nucl.Phys. B 410(1993)188.
[47] W. Loinaz, N. Okamura, S. Rayyan, T. Takeuchi and L. C. R. Wijewardhana, hep-ph/0304004.
[48] P. H. Frampton, S. L. Glashow and D. Marfatia, Phys. Lett. B 536(2002)79.
[49] Z.-Z. Xing, Phys. Lett. B 530(2002)159, hep-ph/0305195.
[50] B. R. Desai, D. P. Roy and A. R. Vaucher, Mod.Phys.Lett. A 18(2003)1355.
[51] R. Barbieri, T. Hambye and A. Romanino, JHEP 0303(2003)017.
[52] M. Honda, S. Kaneko and M. Tanimoto, hep-ph/0303227.
[53] L. Wolfenstein, Phys. Lett. B 107(1981)77.
[54] D.E. Groom,et al., Particle Data Group,Eur.Phys.J.BC 15(2000)1
[55] H.V. Klapdor-Kleingrothaus et al., Mod.Phys.Lett.A 16(2002)2409
[56] C. E. Aalseth, et.al., Mod. Phys. Lett. A 17(2002)1475.
[57] This value is correct only when the most heaviest right-handed neutrino is in thermal equi-
librium. Since we want to know the upper limits of the coupling constants, it is sufficient for
us to adopt this value for all processes.
[58] This equation is correct even if we transform left-handed neutrinos by the two kinds of re-
phasing, P = ±iI3×3, defined as ~νmL ′ = P ∗U †~νL. The invariability of the trace of the neutrino
mass matrix is discussed in [17].
[59] It is recently reported that the first evidence for 0νββ is observed[55]. The value is |mee|=0.11
∼ 0.56 eV (95 % C.L.) with the best fit value 0.39 eV. There are, however, arguments against
this report, too [56].
21
